Abstract. Leaves, epilithon, macrophytes, and fine benthic organic material are central ecosystem compartments to food webs and mediate nutrient fluxes in streams. Most estimates of gross primary production (GPP) and ecosystem respiration (ER) are made at a reach scale, averaging across compartments. Thus, there is little information on how individual compartments contribute to and scale up to wholestream estimates across watersheds. We compared estimates of GPP, ER, and nitrogen (N) uptake of individual ecosystem compartments (dm) and stream reaches (~100 m) in three sizes of streams in a preserved Atlantic Rainforest watershed. The smallest stream had dense forest canopy cover, whereas the largest was more open. We measured substratum-specific rates of GPP and ER, as well as ammonium and nitrate 15 N uptake in recirculating chambers. We compared these decimeter-scale measurements to whole-stream estimates, using single-station dissolved oxygen (GPP and ER) and pulsed N uptake methods. Epilithon and macrophytes (when present) were the dominant GPP and N uptake compartments in open-canopy sites, and leaves contributed strongly to ER at all sites, even though they covered <3 percent of the stream bottom. Ammonium and nitrate uptake per unit N content varied significantly among substrata and streams. Upscaled inorganic N uptake per unit area was greater when macrophytes were present. Chamber measurements overestimated metabolic rates in the larger streams, but not in the smallest one. The smallest transient storage zone streams were more active than the biggest one, and this influenced the mismatch between whole-stream and chamber nutrient uptake estimates. We conclude that scaling to the whole watershed requires information on location in the watershed (e.g., where canopy cover is dense), rates of individual compartments, and reach-specific hydrodynamic information as influenced by large-scale geomorphic details (i.e., the size and activity of the transient storage zones).
INTRODUCTION
Scaling ecological processes has been a central theme in ecology (e.g., Wiens 1989, Englund and Cooper 2003) , including stream ecology (Cooper et al. 1998 , Lowe et al. 2006 , Melbourne and Chesson 2006 . Stream ecologists have developed a strong framework of spatial scaling at the watershed scale that provides predictive power about spatial relationships and subsidies under the river continuum concept (Vannote et al. 1980 ). This concept is overlain at smaller scales by the flood pulse concept (Junk et al. 1989 ) and the idea of functional processing zones and hierarchical patch dynamics (Thorp et al. 2006) , both based on more local geomorphic and hydrological properties. Here, we try to link these concepts to reach and decimeter-scale patch dynamics of ecosystem processes. Application of methods to measure ecosystem rates at these two scales is methodologically feasible making streams ideal for exploring ecosystem scaling.
Metabolic compartments of streams (e.g., biofilms, microbial components of detritus) can be autotrophic-or heterotrophic-dominated and underlie biogeochemical processing, nutrient retention, and food webs. Consequently, Dodds and Cole (2007) proposed separate heterotrophic and autotrophic aspects of trophic state. These ecosystem compartments can vary in their specific activity (Dodds et al. 2000 , Hamilton et al. 2004 , Cross et al. 2007 , Riis et al. 2012 , and this may influence autotrophic or heterotrophic state (Dodds 2006) . Food webs can be brown (fueled by allochthonous inputs) or green (fueled by autochthonous production in the stream), altering ecosystem structure (Sitvarin et al. 2016) . In tropical streams, algal biofilms can play a disproportionately high role in fueling food webs, even in relatively closed-canopy systems (Dudgeon et al. 2010 , Neres-Lima et al. 2016 , Brett et al. 2017 , but see Neres-Lima et al. 2017) . Despite publications indicating some differences between ecosystem processes in tropical streams from temperate, we do not know whether ecosystem processes in tropical and subtropical forested streams scale differently from studied temperate streams, in spite of the global importance of tropical streams .
Metabolism measures for tropical streams are still rare (but see Ortiz-Zayas et al. 2005 , G€ ucker et al. 2009 ). In temperate zones, whole-stream metabolic measurements (e.g., Mulholland et al. 2001 , Hall and Tank 2003 , Bernot et al. 2010 ) and chamber measurements (Bott et al. 1985 , Cardinale et al. 2002 , Wilson and Dodds 2009 ) of gross primary production (GPP) and ecosystem respiration (ER) are more common. These methods are rarely compared (but see Fellows et al. 2006 , Hoellein et al. 2009 ).
In contrast, compartment-specific (such as epilithon, surface sediments, and leaves) sampling during whole-stream nitrogen (N) labeling experiments has characterized ammonium (NH 4 + ) uptake capacities of various compartments in some tropical streams (e.g., Merriam et al. 2002 , Whiles et al. 2012 , Collins et al. 2016 . Less is known about compartment-specific uptake of nitrate (NO 3 À ), how it relates to NH 4 + uptake, or how they couple to GPP and ER. It is unclear whether primary producers or heterotrophs dominate N uptake among biomes or whether these individual processes scale similarly to whole streams. Sealed chambers have been used in stream ecology to measure metabolic rates of specific substrata for decades (Bott et al. 1985) , though mostly for surface sediments and not hyporheic processes (Bott et al. 1997) . We know of few comparisons of measures made at scales amenable to experimentation and replicated manipulation (on the scales of decimeters or less) to those made at whole-stream reach scales (10s to 100s of meters), and how such measures compare to network-level heterogeneity (but see Grimm and Fisher 1984 , Fellows et al. 2001 , Acuña et al. 2011 .
We measured metabolism and nutrient uptake at decimeter and whole-stream scales at three sites across a river continuum, in a preserved tropical forest. Our first goal was to estimate GPP, ER, NH 4 + uptake, and NO 3 À uptake in tropical streams using specific dominant substrata (benthic organic material and microbes associated with sand, epilithon on rocks, microbes associated with leaves, and macrophytes). We expected that different activities and amounts of stream substrata varying with stream sizes would lead to heterogeneous distribution of different kinds of microbial activities in streams. Specifically, we expected nutrient uptake to increase with increasing GPP and ER, and autotrophic streams to have a tighter relation between N uptake and GPP. In heterotrophic streams, we hypothesized N uptake would be more strongly linked to ER. We expected heterotrophic nitrogen uptake rates to be relatively high because C:N ratio of allochthonous food sources is generally greater than autochthonous compartments (Fellows et al. 2006) . Our second goal was to compare small-scale measurements of compartment-specific metabolism and nutrient uptake to whole-stream methods. We predicted that our rates from chambers would scale better for processes that occur at the surface of the streambed (e.g., GPP) than those with a potential hyporheic component (e.g., ER). Finally, we carried out these measurements in the dry and the wet seasons to investigate potential seasonal variability. We hypothesized that greater flooding in the rainy season would scour epilithon and sand, decreasing their relative contribution to GPP, ER, and N uptake.
We provide an example of temporal and spatial upscaling from decimeter scales to landscape scales in streams. The research has general importance for ecosystem ecology, as well as for understanding uptake and processing of carbon and nitrogen in streams. Streams are major links between terrestrial and marine systems and instream processing mediates nutrient transport (Peterson et al. 2001) .
MATERIALS AND METHODS

Site description
The experiments were carried out at Ilha Grande, a well-protected tropical rainforest island located in the State of Rio de Janeiro (23°04 0 -23°14 0 S and 44°05 0 -44°23 0 W; Fig. 1 ). The study streams are representative of the Atlantic Rainforest biome, which once was widespread on the eastern coast of Brazil, but now is highly endangered. The three stream sites (Valium, Barra Pequena, and Lambari) were similar in water chemistry but varied in discharge and canopy cover (Table 1) . Annual total precipitation amount in 2016 was 2071 mm and monthly values were 239 mm (January), 434 mm (April), 218 mm (June), and 4 mm (July), during our experiments.
Recirculating chambers
We used sealed recirculating chambers to isolate specific components of stream substrata as described by R€ uegg et al. (2015) . Briefly, they are clear acrylic chambers with propeller-driven circulation that simulates natural water movement and can be sealed against the atmosphere to allow measurement of gas exchange. We set the chamber water velocity to~8 cm/s. Temperature control was achieved by either incubating the sealed chambers in a shallow pool with continuous water throughout (Valium samples and Barra Pequena photosynthesis-irradiance [PI] determinations) or partially submerged in the stream (Barra Pequena and Lambari incubations), and therefore, temperature changes during incubations were usually <1°C. We kept incubations as short as we could to minimize nutrient limitation.
Collection of substrata
Samples for Valium stream were collected and kept wet, dark, and cool while transported for incubation within 4 h in an open area. Stream water (from Valium) was piped to fill chambers and to the pool for temperature control. This setup allowed full light for PI experiments. Rocks for Barra Pequena were also collected and kept damp in coolers, and returned to the Valium water source for PI characterization within 2 h. The other metabolism and nutrient uptake measurements from Barra Pequena and from Lambari were done in situ with substrata immediately incubated and with water from each stream in the chambers, which were partially submerged in the stream.
We needed a separate location for photosynthesis incubations of Valium samples because the light was so low at the stream site. Therefore, in an independent experiment, we measured ER rates of rocks, sand, and leaves in chambers submerged in Valium and then carried the same substrata to the open area for PI characterization. We found no difference between rates of substrata measured in the streams and the same substrata carried to the open area (data not shown). Therefore, measures for Valium continued in the open area where it was much easier to work.
We collected the different substrata attempting to minimize disturbance. Containers of about 300 cm 2 were used for leaves, macrophytes, and sand in the chambers. Leaves were removed from the stream with gentle rinsing and placed in the containers a few centimeter deep (in a fashion similar to how they aggregate on the streambed) and secured under 1 mm mesh screens. The top 1 cm of each 300-cm 2 sand was collected by gently scooping into each incubation container, allowed to settle for at least 10 min, and then gently placed into the recirculation chambers. We collected rocks without bias along the entire reach. By necessity, we included all rocks we found to match the dimensions of the chambers, regardless of how much biofilm appeared to be on them. However, due to the chamber size, only smaller rocks were able to fit. We placed them in the chambers to make a total of 200-400 cm 2 area and oriented as they were in the stream. In Lambari (the only site with macrophyte presence), we also collected the 
Metabolism measurements in chambers
Metabolism measurements were carried out in both the wet and dry seasons (Table 1) in sealed recirculation chambers, with dissolved oxygen (O 2 ) and temperature logged every 30 s using a YSI ProODO optical sensor (Yellow Springs Instruments, Yellow Springs, Ohio, USA). We conducted both light and dark (covering chambers with dark plastic) incubations, accounting for the volume of the water needed to fill the chambers after substrata were added.
We kept the incubations as short as we could by starting dark incubations first and letting them go just long enough to see significant changes in O 2 (generally 20 min or less). We monitored light for each incubation as photosynthetically active radiation (PAR) outside the chambers each minute (Odyssey PAR loggers, Data Flow Systems, Christchurch, New Zealand). Light probes were calibrated against cosine PAR sensors with traceable calibration (Li-Cor, Lincoln, Nebraska, USA). For the Barra Pequena incubations, output of two loggers was averaged.
Photosynthesis-irradiance measures
We corrected rates measured streamside during the day to account for diurnal light variation, both for comparison of relative fates on each substratum and to upscale to daily rates. We established a PI curve for rocks (the substratum that had the most chlorophyll associated with it). Rocks were placed in each of the four chambers, and they were incubated in the dark (under black plastic) until the O 2 decreased noticeably. We then removed the dark covers and subjected each chamber to different amounts of light for the same amount of time, by varying the number of layers of shade cloth (37% attenuation per layer). The incubation was repeated with a different number of layers to establish a new unique light level for each chamber. Thus, we could produce a full range of irradiances, full sun light, dark, or any of eight levels in between.
Calculation of metabolic rates in chambers
Linear regression was used for determination of metabolic rates (slopes) of substrata. Rates of O 2 change were generally linear and r 2 of fits for active substrata were >0.9 for ER measurements. The metabolic rate in the dark (ER) or light (net production, NPP) was calculated as:
where DO 2, chamber is the change in mg O 2 /L over time (i.e., the slope of the regression line), V is the volume of chamber, and A is the area of the substratum. For leaves or macrophytes, where a known mass was used, the metabolic rate per unit substratum mass is:
where M is the mass of the substratum in the chamber in grams, as ash-free dry mass (AFDM) (for leaves and macrophytes).
The rate of GPP was determined from the rate of ER and the NPP by:
Rates per unit stream area were determined for sand and rocks by multiplying the metabolic rate per unit area by the proportional cover of each substratum. The rates for leaves and the macrophyte were determined by multiplying the metabolic rates per unit mass times the estimated mass of each substratum per total unit stream area. Rates were temperature-corrected for comparison according to Parkhill and Gulliver (1999) and light, according to the equations of Jassby and Platt (1976) . The same equations were used to upscale chamber rates to the variable light and temperature conditions of whole-stream estimates (see Appendix S1 for details).
Whole-stream metabolism measures
We estimated whole-stream metabolism from diel changes in O 2 concentrations with a singlestation open-channel method (Mulholland et al. 2001) . HOBO U26-001 data loggers (Onset Computer Corporation, Bourne, Massachusetts, USA) were used to log O 2 concentration and temperature every 10 min over 24 h at each site. We calibrated the O 2 probes together in 100% saturation water in the laboratory for 30 min immediately before and after deployment and corrected for drift during incubations. We also logged PAR with the same light probes used for chambers, except probes logged every 10 min.
We measured the re-aeration coefficient (k) once in each stream directly by sulfur hexafluoride SF 6 tracer gas methods (Wanninkhof et al. 1990 , Benson et al. 2014 ). In the lower discharge site, Valium, we conducted a continuous SF 6 release experiment. In the higher discharge sites, Barra Pequena and Lambari, we conducted the SF 6 release through a pulse addition. In all cases, we included the conservative tracer, NaCl, in the injection.
For Valium, we released a solution of 30 mL of SF 6 equilibrated with 2.2 L of water and 760 g of salt into the stream with a metering pump (Fluid Metering Incorporated, New York, New York, USA) at 20 mL/min. We took samples at five stations downstream of the release point, once the downstream-most station had reached plateau to estimate dilution-corrected gas loss rates. The inert solute data were also used to calculate discharge and velocity.
The Barra Pequena and Lambari sites were too large for continuous salt releases, so we used a pulsed release approach with a solution of salt (3 kg in Lambari and 1.5 kg in Barra Pequena) in 10 L of water with 60 mL of SF 6 . We used two stations, one immediately below the release point and a second a few hundred meters downstream of the release. The two were sampled for gas and inert tracer, so we could determine the change in the ratio of the gas to tracer, as well as using the peak of the pulse to calculate average water velocity.
Samples for SF 6 were taken into sealed glass vials (Exetainers) and stored top-down in waterfilled containers to minimize gas exchange across the rubber septa. The liquid sample was stripped with carrier gas in the laboratory, and SF 6 was measured using a gas chromatograph equipped with electron capture detector (model GC-2014, with autosampler AOC-5000) at EMBRAPA, São Carlos, SP, Brazil. We used a one-dimensional advection/dispersion equation for the estimation of the SF 6 re-aeration coefficient (Benson et al. 2014) . The k SF 6 was converted to oxygen re-aeration (k O 2 ) using Schmidt numbers, k O 2 = 1.4 9 k SF 6 (Wanninkhof 1992) . See Appendix S1 for details.
The diel variations in stream O 2 concentrations were modeled based on the method proposed by Odum (1956) in each site and month, to estimate GPP, ER, and NPP:
where C is the O 2 concentration and C s is the saturating O 2 concentration. We used the Bayesian Single-station Estimation (BASE v2.0, updated July 2016) model developed by Grace et al. (2015) and corrected for light estimation (Song et al. 2016 ) to calculate GPP, ER, and NPP from our measures of O 2 , light, temperature, reaeration coefficient, salinity, and barometric pressure. We used the two-parameter model estimate (because we directly measured k) and 2000 iterations. We converted volumetric model estimates (per m 3 ) to areal measures (per m 2 ) by using the depth (calculated based on velocity, discharge, and average width) of each site.
We scaled chamber estimates of ER to the whole stream by using the measured ER corrected to 20°C (ER 20 ) and temperature data from each 10-min period to back-correct to ambient ER rate, and GPP was scaled up by using the measured light and temperature (see Appendix S1). Nutrient pulse whole-stream releases and upscaled N uptake estimates
We conducted whole-stream nutrient addition experiments in the three streams in the dry season, soon after the substrate-specific N isotope uptake chamber measurements. We used an instantaneous pulse of NH 4 + +PO 4
3À
+NO 3 À with a conservative tracer (Covino et al. 2010 ). The phosphate was included for another project; the phosphate does not alter estimated NH 4 + or NO 3 À uptake rates (data not shown). The release solutions contained NH 4 Cl (Valium 11.4 g, Barra Pequena 49.7 g, Lambari 115 g) and NaNO 3 (Valium 35.4 g, Barra Pequena 157.8 g, Lambari 364 g) in 10 L of stream water, and releases were done over a period of 40 s. The downstream distance to the sampling point was set following a preliminary pulse addition of NaCl to estimate discharge and establish a travel time of~20 min. We monitored conductivity continuously and samples were taken throughout the breakthrough curve (Covino et al. 2010 ) at the sampling point.
We estimated uptake rate using the solute transport model OTIS-P, a modified version of OTIS transport and simulation model for solute dynamics that includes a transient storage, lateral inflow, and first-order decay component (Runkel 1998) . We took this computational approach instead of that proposed by Covino et al. (2010) because it allowed us to account for both the surface and transient storage zone uptake and exchange with the transient storage zone (see Appendix S1).
The chamber rates of NO 3 À and NH 4 + uptake were upscaled to the whole stream by multiplying the uptake rate of each substratum by the proportional area that the substratum covered in each stream. Chamber uptake rate measurements were compared with whole-stream uptake estimates from the main channel (surface uptake) and the transient storage zone uptake rate.
Sample preparation and analyses
Water samples were immediately filtered (Whatman GF/F) and frozen or analyzed. NH 4 + was analyzed within a few hours after collection at the research site, while NO 3 À samples were kept frozen for a maximum of 1 week before analysis. NH 4 + concentrations were measured using the fluorescence produced by the reaction with orthophthaldialdehyde, following the method developed by Holmes et al. (1999) and modified by Taylor et al. (2007) on a laboratory fluorometer (model Trilogy; Turner Designs Inc., Sunnyvale, California, USA). NO 3 À was measured by the cadmium reduction-sulfanilamide method (Clesceri et al. 1998 ) on a flow injection analysis system (FIAlab 2500; FIAlab, Seattle, Washington, USA).
Substrata samples were generally processed within a few hours after each experiment. Leaf and macrophyte samples were dried (48 h at 50°C) and weighed. Dried leaf samples were frozen with liquid N 2 and homogenized by grinding for isotope analyses. A subsample was weighed, ashed for 1 h at 490°C, and re-weighed for AFDM determination. Rocks were scrubbed with a stiff metal brush and rinsed with stream water until the rinse water ran clear. Sand was vigorously rubbed and rinsed with stream water until it ran clear. The material that was scrubbed off the rock was suspended in a known volume of water, and subsampled with stirring and filtered (Whatman GF/F, pre-ashed) for AFDM, chlorophyll-a, and isotope analyses. Ash-free dry mass samples were dried, weighed, combusted as for leaves and macrophytes, and re-weighed after cooling. Chlorophyll filters were frozen, and within one week, they were extracted overnight (at À5°C) with 10 mL of 95% ethanol. Chlorophyll-a concentration was measured with a fluorometer (non-acidified module; Trilogy 7200-000 Turner Designs, Sunnyvale, California, USA). The epilithic and macrophyte samples had the largest amount of chlorophyll-a per unit area, so these results are not reported further. Filters for isotope analyses were dried overnight in a 50°C oven. All isotope samples were analyzed for 15 N on a Finnegan Delta plus in the Stable Isotope Mass Spectrometer Laboratory of Kansas State University.
We determined projection area of all rocks from calibrated photographs of the rocks processed for area using the Klonk image processor software. Macrophyte mass per unit area in macrophyte patches was estimated using a 15 9 15 cm quadrat and scraping all mass found inside.
For the upscaling to stream reach, the relative percentages of cover by leaves, sand, rocks and the macrophyte were determined by point ❖ www.esajournals.orgtransects. We did 20 transects of 10 points, evenly spaced along the stream reach, for each stream. Four allochthonous matter cores were taken using a cylinder (60 cm in height and 20 cm in diameter) in leaf packs at each site and mass and AFDM of leaves were measured as above. Standing stock densities in leaf packs were weighted by the proportional coverage of total stream area to calculate whole-stream standing stock. We observed little change in the proportion of area covered by different substrata between the rainy and dry seasons, so we used the measures taken in the wet season (Table 1) .
Data analyses
We used three-way ANOVAs to test how GPP and ER per unit AFDM (temperature ER and GPP corrected and light-corrected GPP) varied with fixed effects: substrata (with three levels: sand, leaves, and rocks), season (two levels: wet and dry seasons), and streams (Lambari, Barra Pequena, and Valium). One of our streams (Lambari) had the macrophyte, so we ran additional two-way ANOVAs only for that stream, testing for significant differences in GPP and ER rates, with substrata and season as fixed effects.
Significance 
RESULTS
Rocks were the dominant substratum in all streams by area, followed by sand. Only a small percentage of the stream bottoms were covered by leaf material, and the macrophyte only occurred in Lambari at a relatively low proportional cover (Table 1) . Transect-estimated proportional cover did not match the standing stocks of AFDM per unit area stream bottom (Fig. 2) . Leaves had a far greater amount total AFDM than their cover estimates represented. The macrophyte occupied a large proportion of the biomass in Lambari that well exceeded the 8% of areal cover. The differences between wet and dry seasons within a stream were modest, and without the macrophyte, all three streams would have had very similar total standing stocks of organic material per unit area.
We found no significant rates of GPP for the Valium substrata in chambers at ambient light levels, but we did detect GPP from both Lambari and Barra Pequena. The PI relationships for rocks (Table 2) suggested that both sites were close to maximum photosynthetic rates at 500 lmol quantaÁm À2 Ás À1 . While maximum photosynthetic rates and background ER rates were similar at Note: P max is maximum photosynthetic rate, a is the initial increase in GPP with light, a proportional is a scaled such that P max = 1, and ER is ecosystem respiration. ❖ www.esajournals.orgLambari and Barra Pequena, the value of a for Lambari was greater than Barra Pequena, indicating that light response was greater at Lambari (Appendix S1: Equation S2).
Chamber estimates suggest that GPP and ER vary independently among streams and seasons as driven by different substrata. Metabolic rates of rocks were greatest per unit AFDM (Fig. 3) . We found significant interaction effect of substrata and streams on GPP, but season was not a significant factor. For ER, we found a significant interaction effect (P < 0.05) of substrata, streams, and season making it difficult to interpret single effects (Appendix S1: Table S1 ). When Lambari was analyzed separately, to include the macrophyte, we also found significant effects on GPP but not significant effect of season, while for ER there was a significant effect of interaction of substrata and season. Rates per unit area varied by substrata, by season, and by stream, and ER and GPP did not directly correlate (Fig. 4) . The ER rates changed most strongly between seasons in Lambari, almost completely driven by biological activity on rocks. Leaves had a low and relatively Fig. 3 . Gross primary production (GPP) for BP = Barra Pequena and LA = Lambari (we could not detect GPP in Valium (VA), so we do not report them in the graph), and ecosystem respiration (ER) rates per unit ash-free dry mass for all three streams: VA, BP, and LA. GPP normalized to 500 lmol quantaÁm ❖ www.esajournals.orgconstant ER. The rates of GPP varied more dramatically among streams, with no significant GPP detectable in Valium stream (P > 0.10), and GPP dominated by epilithon on rocks in the Barra Pequena stream and the macrophyte dominating GPP in Lambari, in both seasons. Upscaled GPP and ER values from chamber measurements usually overestimated metabolic rates compared to whole-stream measurements, and these estimates were generally outside the 95% confidence intervals for the whole-stream estimates. However, we observed two exceptions. In the smaller closed-canopy stream, where we could not detect GPP in the chamber, we did with the open-channel method in both seasons (although the 95% confidence interval of the estimate excluded zero in only one of these cases). Also in this stream, the ER estimate was much higher with the open-channel method compared to upscaled value from the chambers, but just in the dry season. In the dry season, ER upscaled estimates from chambers were similar to whole stream in the other two larger streams (Barra Pequena and Lambari; Table 3 ).
Isotopic determination of NO 3 À and NH 4 + uptake also showed variation by stream and substrata type (Fig. 5) . The NO 3 À addition had marginally significantly effect (0.05 < P < 0.10, Appendix S1: Table S2 ) on d 15 N, and we found significant differences driven by substrata and streams, but they are difficult to interpret due to the significant interaction effect. For NH 4 + , we observed significant differences among substrata and a marginally significant difference among streams (albeit with a significant interaction effect). When Lambari was analyzed alone, d The N-specific uptake rates indicated that the biofilms associated with sand and rocks were quite active for both NO 3 À and NH 4 + uptake (Fig. 5 ). When uptake rates were scaled per unit area of total stream (Fig. 6 ), compartments with low activity per unit N became important as well, because of their relatively high standing stocks of N per unit area. Rates per unit area for NH 4 + , NO 3 À , and the sum of dissolved inorganic N uptake were greatest in the Lambari stream, driven by the macrophyte. These rates did not match substrata with GPP or ER well, indicating that different compartments serve as hot spots for different metabolic activities.
We compared whole-stream uptake estimates derived only from the main channel with uptake rates derived from upscaled chamber values. The NH 4 + whole-stream main channel uptake rates ❖ www.esajournals.orgwere lower than chamber measurements, while NO 3 À estimates were similar when derived with both methods (Table 3) .
The relative size of the transient storage zone (A S /A) of Lambari was substantially larger than that of Barra Pequena or Valium, which was similar. However, the subsurface uptake rates did not follow that pattern. Reach-scale NH 4 + uptake rate was higher in the main channel and considerably smaller in the transient storage zone in the largest stream (Lambari), but smaller in the main channel compared to the transient storage zone for the two streams with the smallest transient storage zone (Valium and Barra Pequena) . NO 3 À uptake estimates were consistent for the three streams and were always considerably higher in the transient storage zone of streams, compared to the main channel (Table 4) .
DISCUSSION
With our data, we could start to parse the metabolic and N uptake characteristics of these streams spatially over decimeters to reach scales. We found that N uptake, GPP, and ER of different substrata were not closely linked over decimeter scales among streams, with different processes mapping to different hot and cold spots. Streams often present an uneven distribution of sand, rock, leaf, and macrophyte areas over the benthic zone, with some rare substrata containing a disproportionate amount of carbon or nitrogen. Our data allowed us to see how this distribution maps to ecosystem rates, because of the different specific activities of ecosystem compartments.
Our data are important because they allow us to approach the concept of hot spots and hot moments for ecosystem processes across three spatial scales: decimeters, 10-to 100-m stream reach, and across a river continuum. The concept of hot spots and hot moments is directly related to distribution of ecosystem rates in the environment, but directly linking the concept to spatial and temporal scales is not common (Bernhardt et al. 2017) . However, the concept is central to scaling measured ecosystem rates (Harms and Grimm 2008 ) and the definition of hot spots should be explicit although few publications do define it. For example, in our study, the biomass on rocks was very active per unit mass (a hot spot of sorts), but the activity per unit area was not as high as might be expected, because the standing stock of biomass per unit area was not high. Thus, a definition of hot spot based on mass-specific rates will identify different hot spots based on area-specific rates. While others have observed similar patterns, few that we know of have explicitly considered how they fall within the concepts of distributions of ecosystem rates among compartments. In our view, hot spots can be defined as high activity per unit biomass, or per unit area, and researchers should indicate which of these alternate definitions they are operating under.
Accumulation of organic material is central to function in all ecosystems, occurs heterogeneously, and could control where hot and cool spots are found. Organic material can accumulate at the decimeter scale according to hydrodynamic properties of the streams. Also, biological activities of autotrophs can accumulate organic materials in specific locations. At the reach scale, organic material accumulation depends on local heterogeneity in geomorphology, local riparian cover, and transport into the system from upstream (Minshall et al. 1983 , Gorecki et al. 2006 . The aquatic/terrestrial interface controls many ecosystem rates (McClain et al. 2003) , and starts to vary at the stream reach scale with degree of canopy cover and variations in transport from the landscape based on geomorphic features. At the watershed scale, organic material accumulation depends on these same factors, and can also vary depending upon larger-scale geomorphic patterns (Jones 1997) . Small streams have closed canopies and more organic input (Vannote et al. 1980 ), but perhaps export more, because they have greater slopes. Larger streams are more open, but also have a greater area upstream from which they receive transported materials.
Accumulation of different types of organic matter is driven by processes operating at different scales and it is also related to physical heterogeneity controlling retention and flow velocity (Gorecki et al. 2006) . Furthermore, the hyporheic zone may account for a large proportion of organic storage (Jones 1997 ) which we could not account for here. Our multi-scale analyses of ecosystem rates allowed us to disentangle where each process was occurring, given the heterogeneity or organic matter distribution. Upscaled measures from chamber experiments did not always match whole-stream estimates, both for metabolism and for nutrient uptake. For metabolism estimates, chambers tended to overestimate metabolic rates, compared to the openchannel method in the two larger streams (Barra Pequena and Lambari), but not in the smallest stream (Valium). The low light and high re-aeration in Valium mean metabolism could be better estimated by the chamber method, as suggested by Grace and Imberger (2006) , because with high re-aeration, the stream has to have high productivity in order to provide reliable estimates of GPP and ER.
There could be several potential reasons the chamber measurements did not match the whole-reach estimates. One reason for this mismatch could be attributed to the size of the rocks that could be fit in the chambers compared to the sizes found in the streams; smaller rocks could have more total surface area per unit projection surface area causing a lack of correspondence. Most of the rocks in this stream are much larger than those that fit into chambers. While we could observe no obvious differences in biomass among the larger and smaller rocks, we were not able to sample adequately the larger rocks for either biomass or metabolic rates. Furthermore, we removed the rocks from the stream bottom and water can flow around the entire rock when they are in the chambers, which is not representative of conditions on the stream bottom. We also disturbed the leaf packs and sand to get them into the chambers in spite of our efforts to place them gently into the chambers. This could alter conditions such as anoxia found in leaf packs (Eichem et al. 1993 ) and lead to stimulation of metabolic rates by shifting to more aerobic respiration.
Chamber measures of nutrient uptake rates are expected to be lower than whole-stream estimates because of variation in methods used. The whole-stream method accounts for both assimilatory and dissimilatory processes (such as nitrification and denitrification), whereas the isotope methods only account for assimilation. However, our whole-stream rates tended to be roughly equal to (NH 4 + ) or lower (NO 3 À ) than the chamber rates, contrary to this expectation.
Another potential reason the whole-stream metabolic estimates might be somewhat low is that the model calculates O 2 change per unit volume and getting production rates per unit area requires multiplying by average depth. Thus, a 50% underestimation in depth directly translates into a 50% underestimation of respiration rates. We suspect this is not a large enough effect to account for our differences in chamber and reach-scale rates. We determine average depth by the salt release results (discharge and average velocity) and average width. However, this calculation may not include the depth of the entire transient storage zone (although salt releases are certainly better at estimating average depth than direct measurement with flow meters), and this mass of water influences metabolism estimates. Using A s /A, the effect probably is not large except in Lambari where A s /A = 0.6 so depth could be underestimated by 60% (assuming average width of the transient storage zone is the same as the channel). The correction would be much smaller for the other two streams. However, even a 60% underestimation still does not account for differences in rates between wholestream and chamber estimates.
For nutrient uptake estimates, our data also suggest that sampling at one scale cannot completely characterize ecosystem properties. Specifically, the transient storage-associated (including subsurface or hyporheic) activity can have substantial influence on estimates of whole-ecosystem rates. Hyporheic activity can account for a considerable portion of ecosystem activity in many streams (Grimm and Fisher 1984 , Fellows et al. 2001 , Argerich et al. 2011b , Drummond et al. 2016 . While the potential importance of hyporheic activity is well established, detailed comparisons of how subsurface activity relates to rates measured at the stream surface are less common.
Accounting for subsurface processes helps understand rates determined at reach scales. For example, understanding subsurface processes aids in accounting for the greenhouse gas nitrous oxide to the atmosphere by stream networks (Marzadri et al. 2017 ). The OTIS-P modeling allowed us to separate reach-scale N uptake between main channel and transient storage compartments, whereas the chambers could not. Our system is probably not unusual because our estimates of A S /A were similar to those in other streams (Hall et al. 2002) .
Our largest stream had the largest A S /A, but this result was different from data from a recent review (Battin et al. 2008) , which found that usually, storage zone size decreases with stream size. Our streams are dominated by very large weathered boulders (1-10 m diameter or larger), particularly in the lower reaches, and at some points, the stream can flow completely below the boulders in steep areas where they accumulate, so A S /A in our downstream sites was large.
Despite the largest A S /A of our biggest stream, uptake rates associated with the transient storage zone were less compared to the two streams which had smaller A S /A but more total activity in the transient storage zone. Therefore, in our sites, the magnitude of N uptake was not related to the size of the transient storage zone and more specific to the activity present in that habitat in each stream, as found in other studies (Ensign and Doyle 2006, Drummond et al. 2016 ). Thus, we suggest that the transient storage zone in the smallest streams was a hot spot of activity per unit area, but it was not in the larger streams.
The apparent lack of relationship of N uptake with A S /A among our streams could also be explained by the difficulties in differentiating the transient storage zones with the real subsurface hyporheic area (Briggs et al. 2010) . Areas of very slow flow are not necessarily hyporheic, which is a subset of the modeled area of the transient storage zone.
In our study, we found NH 4 + and NO 3 À uptake in the storage zone to be much higher compared to the main channel, supporting other previous findings on importance of the hyporheic zone (Grimm and Fisher 1984 , Thomas et al. 2003 , Argerich et al. 2011a ). The larger uptake of NH 4 + and NO 3 À in the transient storage zone compared to the main channel could be due to coupled nitrification-denitrification or other higher biological activity in the storage areas of the stream.
Denitrification driving NO 3 À uptake in the transient storage zones could relate to areas of organic material accumulation. These could be areas of slow-flowing water and low O 2 , favoring denitrification. The large respiratory O 2 demand associated with leaves that accumulate in the streams supports this interpretation. However, we have no direct measurements of denitrification rates for this system or how many leaves are in the transient storage zone.
Alternatively, the presence of living roots in the streams associated with transient storage zones could influence N uptake. Roots affected metabolic rates in the whole stream and were active in nitrogen uptake in a small forested Brazilian stream (Dodds et al. 2017) .
The whole-stream metabolism model fit positive values of GPP in Valium, whereas the chambers could not detect it. This difference could be an artifact of riparian vegetation transpiration on whole-stream GPP estimates (Dodds et al. 2017 ). This result further supports the speculation that differences among transient storage activities could be related to root activity, but we did not directly measure contribution of roots.
How do our results inform estimates at the watershed scale?
At a watershed scale, our data suggest that whole-stream main channel uptake increases with open-canopy cover in the main channel, but not in the transient storage zones. Webster et al. (2003) hypothesized that as canopy cover opens up, in-stream autotrophic production offsets allochthonous inputs and NH 4 + uptake is relatively constant across biomes. Our data support this idea until we accounted for the influence of the macrophytes in Lambari because the macrophyte increased total N uptake per unit area relative to the other sites.
The presence of the macrophyte represents a contingency that would be difficult to account for without substratum-specific measurements. Macrophytes are clearly important in metabolic characteristics of many streams (e.g., Riis et al. 2012 , Pastor et al. 2013 , Peipoch et al. 2014 ), mostly in low-energy streams. Our streams only had macrophytes in the largest stream, where scouring and flooding are most intense. Similarly, bryophytes in fast water were an important contingent organism for GPP and N uptake in a tundra stream (Wollheim et al. 1999) .
Scaling metabolism and nutrient uptake to the whole watershed would take considerably more data than we have. For N uptake and ER, it would require better understanding of the size and activity of the transient storage zone. Additionally, distribution of the macrophyte through the watershed would need to be estimated. Scaling metabolism would also require location-specific whole-system estimates of light inputs for GPP. The scaling of light and substrata type to watersheds varies across biomes (R€ uegg et al. 2016 ) and varies at the reach scale (Davies-Colley and Quinn 1998).
Are rates in tropical and subtropical systems fundamentally different from temperate zones?
Rates of metabolic activities in these relatively pristine tropical rainforest streams were similar to those in temperate systems. Dodds et al. (2002) reported NH 4 + uptake rates from pristine streams across North America ranging from 1 to 10 mgÁm À2 Áh À1 ; our rates fell within these ranges. Mulholland et al. (2008) reported uptake rates of NO 3 À for 24 reference sites in the United States mostly between 0.9 and 8 mgÁm À2 Áh À1 , similar to rates we estimated. Bott et al. (1985) made measurements of GPP and R for 24-h periods with chambers for 16 North American streams along four river continua. They found rates of GPP ranging from 0.06 to 2.6 gÁm À2 Ád À1 for winter and from 0.13 to 6.4 gÁm À2 Ád À1 for summer. They also reported ER rates from 0.19 to 1.87 gÁm À2 Ád À1 for winter and from 0.60 to 5.79 gÁm À2 Ád À1 for summer. Our scaled-up chamber rates mostly fell within these ranges, except that we were unable to detect GPP at our most closed-canopy site. Seasonal mean temperatures for winter rates in the North American streams were, obviously, much lower than in our streams. The summer mean temperatures were lower than we found in our streams, some were 10°C lower, and only five of the 16 in the 18-20°C were commonly found. We found few seasonal effects in our streams, and our hypotheses related to seasonality were not supported. Thus, tropical streams may be more constant than temperate streams with respect to the effects temperature on metabolic rates. However, many tropical streams are highly seasonal (e.g., monsoonal systems). Considerably more data from tropical streams are required to test this hypothesis.
Since N uptake, GPP, and ER rates in our streams were similar to temperate streams, it is possible that nutrient limitation, light limitation, flood scouring, or herbivory/detritivory could be more important than temperature for these ecosystem rates. This observation agrees with that of Follstad Shah et al. (2017) that leaf decomposition rates are expected to be less influenced by global warming than predicted based upon metabolic theory. Physiological adaptations or changes in species composition could explain why rates are modestly influenced by long-term changes in mean temperature.
CONCLUSIONS
While we made measurements in tropical streams, there is no reason to suspect that our results are not general. We found that rates can be predicted across scales, but only if specific contingencies (here the presence of macrophytes, canopy cover, and high activity in a small transient storage zone) are considered. Sampling at smaller scales can disclose what mechanisms underlie each process, and larger-scale analyses are indispensable to be able to make generalizations (Wiens 1989) . Our study, by identifying contingencies at the reach and decimeter scale, provides avenues to pursue whole-watershed rate estimates. One can imagine such contingencies vary among biomes and along river continua. For example, systems with open-canopy headwaters are not expected to have leaf packs that have high respiration. Sandy systems common in drier regions might be more homogenous. For now, there are not enough data to unify our understanding of stream ecosystem processes among biomes, although data like ours for less studied systems will be important in such efforts.
The high activity in the relatively small transient storage zone of our smallest streams adds particular complexity to scaling stream processes to whole watersheds. Marzadri et al. (2017) demonstrated a sharp transition in nitrous oxide production rates occurring with river widths similar to our largest site (about 10 m) associated with shifts in hyporheic activity. Thus, mechanistic studies such as ours could assist in understanding such transitions. To date, most ecological studies of scale transitions in streams involve population and predation dynamics (e.g., Cooper et al. 1998 , Lowe et al. 2006 , Melbourne and Chesson 2006 . Further understanding of scale transitions in ecosystem rates will likely be an important area in ecology as we attempt to match measurements at typical scales of research to larger, more relevant spatial extents.
